Synaptic transmission at visualized sympathetic boutons: stochastic interaction between acetylcholine and its receptors  by Bennett, M.R. et al.
Biophysical Journal Volume 72 April 1997 1595-1606
Synaptic Transmission at Visualized Sympathetic Boutons: Stochastic
Interaction Between Acetylcholine and Its Receptors
M. R. Bennett,* L. Farnell,# W. G. Gibson,# and N. A. Lavidis*
*Neurobiology Laboratory, Department of Physiology, and Sydney Institute for Biomedical Research; and #School of Mathematics and
Statistics, University of Sydney, New South Wales 2006, Australia
ABSTRACT Excitatory postsynaptic currents (EPSCs) were recorded with loose patch electrodes placed over visualized
boutons on the surface of rat pelvic ganglion cells. At 340C the time to peak of the EPSC was about 0.7 ms, and a single
exponential described the declining phase with a time constant of about 4.0 ms; these times were not correlated with changes
in the amplitude of the EPSC. The amplitude-frequency histogram of the EPSC at individual boutons was well described by
a single Gaussian distribution that possessed a variance similar to that of the electrical noise. Nonstationary fluctuation
analysis of the EPSCs at a bouton indicated that about 120 ACh receptor channels were available beneath boutons for
interaction with a quantum of ACh. The characteristics of these EPSCs were compared with the results of Monte Carlo
simulations of the quantal release of 9000 acetylcholine (ACh) molecules onto receptor patches of density 1400 p.m-2 and
0.41 ,um diameter, using a kinetic scheme of interaction between ACh and the receptors similar to that observed at the
neuromuscular junction. The simulated EPSC generated in this way had temporal characteristics similar to those of the
experimental EPSC when either the diffusion of the ACh is slowed or allowance is made for a finite period of transmitter
release from the bouton. The amplitude of the simulated EPSC then exhibited stochastic fluctuations similar to those of the
experimental EPSC.
INTRODUCTION
The interaction between acetylcholine (ACh) released from
a bouton on an autonomic ganglion cell and its receptors has
traditionally been studied by analyzing the time course of
the spontaneous excitatory postsynaptic current (SEPSC)
under the assumption that this current arises from the se-
cretion of a quantum of transmitter from a single bouton
(see, for example, Rang, 1981). Such approaches have given
rise to the idea that the 10,000 or so molecules of ACh in a
synaptic vesicle (Whittaker, 1990) constitute a quantum that
saturates a small number of receptors beneath a bouton (on
the order of 100: Rang, 1981; Dryer and Chiappinelli,
1987). However, the amplitude-frequency histogram of
SEPSCs is not described by a Gaussian distribution, as are
the spontaneous synaptic currents at the motor endplate; a
more appropriate distribution is one that is positively
skewed, such as a gamma distribution or a Poisson mixture
of Gaussians (see, for example, Bornstein, 1978; Martin and
Pilar, 1964; Warren et al., 1995a). This raises questions as
to whether there is spontaneous quantal release of transmit-
ter (for a review of this problem see Bennett, 1995). In some
cases there is evidence of spontaneous multiquantal release,
suggesting that there is either synchronous release of quanta
from adjacent boutons or multiquantal release from a single
bouton (Bennett et al., 1995b).
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In the present work we have avoided the complexity
introduced by these possibilities by studying transmitter
release from single visualized boutons in the rat pelvic
ganglion. This preparation consists of monopolar neurons
that mostly receive innervation from a single nerve terminal
that breaks up into about 20 boutons on the soma of the
neurons (Tabatabai et al., 1986; de Groat and Booth, 1993;
Yakota and Bumstock, 1983). Individual boutons can easily
be identified, for use in recording the electrical signs of
transmission with a loose patch electrode, by DiOC2(5)
fluorescent staining of mitochondria in the boutons (as for
the varicosities of their sympathetic nerve terminals; Lavi-
dis and Bennett, 1992), by orthograde labeling of the bou-
tons with dextran coupled to rhodamine (Warren et al.,
1995b), or by use of the fluorescent styryl dye FM1-43
(Betz et al., 1992). Using this approach, we have analyzed
the interaction of ACh released from a bouton onto recep-
tors and compared it with Monte Carlo simulations (Bartol
et al., 1991). This has made it possible to determine whether
transmission is likely to be mediated by a synaptic vesicle
releasing its entire contents onto a small patch of receptors
beneath a bouton.
MATERIALS AND METHODS
Preparation of tissues
Rats (AAW) (-250 g) were anesthetized with ether and killed by cervical
fracture. An incision was made in the lower abdomen, and both pelvic
ganglia, together with connective tissue containing the fine hypogastric
nerves, were dissected free. The sheath was carefully stripped from the
surface of the ganglia by gently teasing the sheath. The preparation was
continuously perfused at the rate of 3 ml/min with a modified Tyrode's
solution of the following composition (mM): NaCl, 123.4; KCl, 4.7;
MgCl2, 1.0; NaH2PO4, 1.3; NaHCO3, 16.3; CaCI2, 1.0; glucose, 7.8. The
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temperature of the bath was maintained between 33°C and 34°C. The
reservoir supplying the bath was continuously gassed with 95% 02/5%
CO2, and the pH was maintained at 7.3. The extracellular calcium concen-
tration ([Ca21].) was changed by altering the amount of CaCl2 dissolved in
the Tyrode's solution supplying the bath.
Visualization of boutons
The preparation was placed in Tyrode's solution containing 0.5 mM
[Ca2+]0 for about 20 min. It was then bathed for 30 s in 3,3-diethylox-
ardicarbocyanine iodide (0.1 mM; DiOC2(5); Yoshikami and Okun, 1984)
and then washed with modified Tyrode's solution for 3 min. Terminals
were chosen by viewing the DiOC2(5) fluorescent image via an image
intensifier camera (Panasonic) attached to an Olympus (BH2) microscope
equipped with a rhodamine filter set; the image was then displayed on a
video monitor (National). Preparations were viewed using a 50X long
working distance objective (Olympus, ULWD-MS Plan 50). The adverse
effects of DiOC2(5) and fluorescence on quantal secretion have previously
been studied (Bennett et al., 1986). The concentration of DiOC2(5) was
kept to less than 1 ,uM and the period of excitation to less than 2 min to
minimize any adverse effects of DiOC2(5) excitation. The area of excita-
tion was restricted to the region being examined. The field of fluorescing
boutons was hand-drawn on the TV monitor screen as soon as their
fluorescent profiles had been identified; excitation was then terminated and
transmitted light used to view the same area. Structures such as blood
vessels and connective tissues were then drawn onto the monitor; the recording
electrode was then moved onto the field of the drawing of the boutons. Any
shift of the boutons with respect to the drawing could finally be checked by
refluorescing the boutons at the termination of the experiment.
Extracellular recording from boutons
The hypogastric nerve was gently sucked into a pipette filled with modified
Tyrode's solution. A silver/silver chloride wire on the inside of the pipette
and one on the outside was used to stimulate the nerve, using square wave
pulses of 0.08-ms duration and 10-20-V amplitude. The axons were
stimulated continually at 0.2 Hz. Extracellular recordings of the terminal
action potential and the EPSCs were obtained using microelectrodes (3-
5-,um diameter, typically 4 ,um) filled with the modified Tyrode's solution.
These electrodes had a frequency bandwidth greater than 2 kHz. On some
occasions, microelectrodes of 10-,um diameter were used on isolated
boutons; these gave the same temporal characteristics for the EPSCs as
those recorded with the smaller diameter electrodes. Focal extracellular
recordings were obtained by placing the electrode over a visualized bouton.
The EPSCs and the electrical signs of the terminal action potential could be
observed on the oscilloscope while stimulating the hypogastric nerve. The
position of the electrode rim with respect to the visualized boutons was
adjusted to increase the amplitude of both the action potential and the
EPSCs.
Data analysis
Between 100 and 200 stimuli were recorded on an Axoclamp-2A amplifier
(Axon Instruments) and collected on a Macintosh microcomputer using a
MacLab/4 interface and Scope software (version 3.3.3, AD Instruments,
Sydney, Australia). The frequency bandwidth of the amplifier was 10 kHz.
Translate 3.0 (AD Instruments, Sydney, Australia) was used to convert the
Scope data files to Igor Pro 2.0 (WaveMetrics, Sydney, Australia) format
for further analysis. Histograms of the EPSC amplitudes versus frequency
were constructed.
The question arises as to whether the microelectrodes, of about 4pum
diameter and filled with Tyrode's solution, allow recording of the EPSC
without removing its high-frequency components. To test this, an electrical
equivalent circuit of the microelectrode placed over a bouton, together with
the underlying neuron soma on which transmitter acts, was constructed
(Fig. 1 A). The current (EPSC) through the element R, of the circuit was
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FIGURE 1 (A) Schematic diagram of the cell membrane, microelectrode
tip, and equivalent electrical circuit. Rp and Cp are the resistance and
capacitance of the pipette; R. is the resistance of the extracellular fluid
between the electrode tip and the membrane; Rm and Cm are the membrane
resistance and capacitance. The synaptic input is represented by a variable
resistance, Rsyn(t) = I/Gsyn(t), in series with a driving potential E Iyn-Ip and
Im are the currents in the extracellular and the intracellular spaces respec-
tively; Vm is the membrane potential and Vp is the potential inside the
pipette, both measured relative to the potential of the extracellular fluid
outside the pipette. (B) The microelectrode potential calculated using the
circuit in A. The input is governed by the conductance Gsyn(t) = 1.176 X
Gmax(exp(-0.25t) - exp(-6.88t)), where Gmax = 1.0 X 10-9 Q-' and t
is the time in milliseconds; the time course of Gsyn(t) is shown in the upper
half of the figure. The remaining parameters have values Rp = 5 X 105 Q7,
Rs = 1.0 X 106 f, Rm = 5.0X 107 fl, C = 1.0X 10-lO F, Esyn = 0.05
V. The lower half of the figure shows the time course of the potential Vp
for Cp = 75 X 10-12 F( ) and for Cp = 150 X 10-'2 F (---).
determined for a conductance change due to the action of a transmitter
quantum (l/Rsyn) that was represented by a double exponential with the
same approximate time course as that measured, namely a time to peak of
0.5 ms and an exponential decay time constant of 4 ms (Fig. 1 B, upper
curve). The approximate measured value of the electrode resistance Rp was
0.5 Mfl, and the frequency response of the electrode could be matched if
it had a capacitance Cp of 75 pF. R. was taken as about 1 MQ7, and the
values of Rm and Cm from Kuba and Nishi (1979) and Griffith et al. (1980).
The resulting EPSC peaked at about 0.65 ms (Fig. 1 B, lower solid curve);
if Cp is doubled to 150 pF there is only a small further distortion of the
calculated EPSC, which now peaks at 0.86 ms (Fig. 1 B, broken curve).
Our measurements of the time to peak of the EPSC may be overestimated
000
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by about 30%, because of the frequency response of the microelectrode,
according to this analysis.
Monte Carlo simulation method
The kinetics of ACh interaction with receptors in the neurons of autonomic
ganglia is governed by
2k+l k+2
2A + R A + AR A2R A2R*, (1)
k-I 2k-2 xa
where A is an ACh molecule, R is a receptor molecule containing a double
site, AR is the singly bound molecule, A2R is the doubly bound molecule,
and A2R* is the bound molecule in the open conformation, corresponding
to an open channel. As well as being used for the neuromuscular junction
(Bartol et al., 1991), this scheme has been proposed for sympathetic
neurons (Mathie et al., 1991) and parasympathetic neurons (Margiotta et
al., 1987). The interaction of ACh with cholinesterase is taken to be (Bartol
et al., 1991)
k3 k4
A+EEAE- E+Q, (2)
where E denotes the esterase and Q the final products of hydrolysis.
To the above kinetic scheme must be added the spatial and temporal
diffusion of the ACh molecules after quantal release. The Monte Carlo
method involves following the motion of each molecule as it executes a
random walk in free space, is reflected from presynaptic and postsynaptic
membranes, and binds to or unbinds from receptor molecules. A detailed
description and justification of the Monte Carlo method, as applied to the
release of ACh in the neuromuscular junction, have been given by Bartol
et al. (1991). The present calculations closely follow their methods.
The geometry of the system consists of two flat plates, taken to be 20
nm apart and shaped as squares with sides of 3.2 jim (compare figure 1 in
Bennett et al., 1995a). Receptors are found only in a circular disc of
diameter 0.41 jum located in the center of the postsynaptic membrane,
giving a receptor area of 0.132 jim2. The size chosen for the disc follows
from the observation that the average length of the postsynaptic receptor
cluster from random measurements of chord lengths through antibody-
labeled clusters beneath a bouton on frog cardiac ganglia is 0.32 Jim
(Sargent and Pang, 1988, 1989; Sargent, 1993), so that the average diam-
eter of such circular clusters is (4/nr)0.32 = 0.41 jim.
Quantitative electron microscopic autoradiography indicates that there
are about 5000 '251-neurotoxin F binding sites per jIm2 of membrane in
dissociated cultured rat superior cervical ganglia (Loring et al., 1988), and
about 600 '25I-neurotoxin F binding sites per jim2 in the avian ciliary
ganglion (Loring and Zigmond, 1987). The large difference in these values
seems to arise from the 10-fold smaller amount of synaptic membrane
estimated to be associated with binding of the toxin on the cultured
sympathetic neurons compared with that of the intact ciliary ganglion
(Loring et al., 1988). There are possible problems with the calculations of
the density of F-toxin binding sites in the autoradiography estimations
(Loring et al., 1988). These are calculated on the basis of total binding of
the toxin to the neuronal membrane in the vicinity of boutons and estimates
of the extent of total postsynaptic receptor cluster area per neuron taken
from the areas of electron-dense membrane beneath boutons (for details of
the method of calculation, see Matthews-Bellinger and Salpeter, 1978). But
as Loring and Zigmond (1987) comment, "Because of uncertainties in
some of these values, the final densities should be regarded as estimates
that could be off by a factor of 2 or 3." The density of the receptor patch
in the Monte Carlo simulations has been taken as 1400 sites/jim2, which is
about 30% of the estimate of 5000 sites/jim2 given by Loring et al. (1988)
and is thus closer to the estimates for the intact ciliary ganglion of 600
sites/jim2; the diameter of the patch has been taken to be 0.41 jim. This has
been done to obtain values for the peak A2R* during the EPSC of about
150 that agree with the values obtained experimentally using the ratio of
conductances between the peak of the EPSC and that of a single ACh
channel (Rang, 1981; Derkach et al., 1983; see Discussion) and to a lesser
extent with the nonstationary fluctuation analysis used in the present work.
The receptor area is subdivided into tiles of appropriate size, depending
on the assumed receptor density, each tile containing one receptor; the
actual size of the receptor is 10 nm2, which is much smaller than the tile
size. The esterase is located in a plane midway between the presynaptic and
postsynaptic membranes and occupies a full square of side 3.2 jim. Quanta
of ACh are secreted at time t = 0 from a point on the presynaptic
membrane directly opposite the center of the receptor patch. Each molecule
is moved randomly, using a time step of 0.75 jis. The algorithms and
formulas used are as described by Bartol et a]. (1991).
The main parameters used in the simulations are shown in Table 1. The
values for the ACh diffusion coefficient and esterase rate constants come
from Bartol et al. (1991). The remaining values for the rate constants are
are from Mathie et al. (1991), assuming no cooperativity in the binding of
the ACh molecules. All of these rate parameters (k+1, kI2, ai, B, k3, k4)
have been multiplied by a factor of 3 to allow for the higher temperature
used in the present experiments (34°C, as opposed to 23-24°C used by
Mathie et al., 1991). The receptor density was determined by requiring
approximately 150 open channels at the peak of the EPSC (see Results
below), and the esterase density was fixed at one-half of the receptor
density. Because many of the values listed in Table 1 are not well
TABLE I Values of parameters used in the Monte Carlo calculations
Quantity Symbol Value Reference
Diffusion coefficient D 6.5 X 10-6 cm2 s- I Bartol et al. (1991)
Rate constant for binding to receptors k+ = k+2 2.04 X 107 M- 1 s-1 Mathie et al. (1991)
(6.9 x 107 M-l s-1) (Skok)
Rate constant for unbinding from receptors k- = k-2 4170 s-1 Mathie et al. (1991)
(3705 s-') (Skok)
Rate constant for forward conformational change (3 81000 s-' Mathie et al. (1991)
(6293 s-') (Skok)
Rate constant for backward conformational change a 3522 s-1 Mathie et al. (1991)
(894 s-') (Skok)
Rate constant for binding to esterase k3 1.56 X 108 M-1 s- Bartol et al. (1991)
Rate constant for hydrolysis k4 10800 s-' Bartol et al. (1991)
Receptor density 1400 jim-2 See text
Esterase density 700 jim-2 See text
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established experimentally, a systematic exploration was undertaken in
which parameter values were allowed to vary over wide ranges; the results
of these calculations are given in the Appendix. Also given in Table 1 are
rate constants for a single-binding scheme, following the method of Skok
(1987); this scheme is further discussed below (see Discussion).
The time course of ACh release from a vesicle
In the Monte Carlo scheme of Bartol et al. (1991), the release of the full
number of ACh molecules in a quantum is instantaneous; recent experi-
mental evidence indicates that this is likely to be the case for the neuro-
muscular junction (Stiles et al., 1996). However, if release is gradual
(Khanin et al., 1994; van der Kloot, 1995), then detailed modeling of the
release process (Khanin et al., 1994) suggests that the number of molecules
Cr released by time t could follow an exponential time course, given by
Cr = Co{I - exp(VL/[Tr2 D]) (3)
where CO is the initial number of ACh molecules in the vesicle, V is the
vesicle volume, L is the length of the pore joining the vesicle to the
presynaptic membrane, ro is the pore radius, and D is the diffusion
coefficient for ACh through the pore. Using the parameter values of van
der Kloot (1995), this is
Cr = CO(1 - exp(-t/0.210)), (4)
where t is in milliseconds. Release, governed by Eq. 4, is easily incorpo-
rated into the Monte Carlo scheme.
Variance of the number of open channels
Assume that under the release of a quantum of transmitter each receptor
molecule has the same probability p of becoming an open channel, and
further assume that all openings are independent. Then, for N receptors, the
mean M and variance o.2 of the number of open channels are given by the
binomial expressions M = Np, or2 = Np(l - p). Thus
RESULTS
The excitatory postsynaptic current at
sympathetic boutons
Excitatory postsynaptic currents (EPSCs) were recorded
with extracellular electrodes of 4-5-A,m diameter placed in
the loose patch mode over single visualized boutons on the
surface of monopolar pelvic ganglion cells during stimula-
tion of the hypogastric nerve at 0.5 Hz (Fig. 2). The extra-
cellular current signs of an impulse in the bouton followed
each stimulus artefact, indicating that there was no failure of
conduction into the bouton (Fig. 2). The results for 10
EPSCs in each of 10 different boutons were analyzed. The
EPSC recorded at any particular bouton did not fluctuate
much from impulse to impulse (Fig. 2). Amplitude-fre-
quency histograms of the EPSC were typically Gaussian
with a small variance (Fig. 3 A), which might indicate that
the quantum of transmitter released has saturated the recep-
tor patches beneath the bouton. The range of mean EPSC
size was from 29 ± 4 ,uV to 63 ± 8 ,uV (±SD) over the 10
boutons. The noise SD ranged from 2.0 AV to 5.0 ,AV. The
frequency histograms of both the time for the EPSC to reach
its peak value and the time constant of the falling phase of
the EPSC were also distributed as Gaussians (Figs. 3 B and
C). The EPSC for different boutons had a time to peak of
about 0.7 ms (0.74 ± 0.10 ms) and decayed along a single
exponential with a time constant of about 4.0 ms (3.8 ± 0.4
ms). The EPSC was blocked by 100 ,uM hexamethonium in
all 18 ganglion for which this was tested.
The decay time of the EPSC recorded with an intracel-
lular electrode in sympathetic ganglia is invariant with a
change in amplitude of the EPSC (Kuba and Nishi, 1979). It
was therefore of interest to determine the decay time of the
2 = 1 22 M N~
1(5)
If i is the single-channel current, I is the total mean current, and oa2 is the
variance of the total current, then I = Mi, I2 = oJ 2i2, and so Eq. 5 becomes
r2 = Ii- I j2O N '
2
3
(6)
which is a relation derived by Sigworth (1980). The corresponding relation
for voltage, under the assumption of constant electrode impedance, is
4
2 1v2O'v=VV NV9 (7)
5
where V is the mean amplitude of the EPSC, o.2 is its variance, and v is the
voltage change for a single channel. From Eq. 7, v is the slope of the cr-V
curve for small V; the peak of this curve occurs when v - 2VIN = 0,
allowing N to be estimated according to
{iX-
50 pV
5 ms
N= 2VpA/v, (8)
where Vpeak is the amplitude giving the peak variance.
FIGURE 2 EPSCs recorded with a 4-,um extracellular electrode placed
over a visualized bouton on the surface of a pelvic ganglion cell. Each of
the records shows the EPSC preceded by an action potential in the bouton.
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FIGURE 3 Characteristics of the EPSC. (A) Frequency histogram of
EPSC amplitudes. (B) Frequency histogram of the times to peak. (C)
Frequency histogram of the time constant of exponential decay of the
EPSC. Results are for a single recording with a 4-,um electrode (n = 100
EPSCs).
EPSC recorded at a bouton as a function of the amplitude of
the EPSC. Fig. 4 B shows that there was no consistent
change in the decay time of the EPSC with the stochastic
changes in amplitude recorded at a single bouton. The time
to peak of the EPSC was also independent of the amplitude
of the EPSC (Fig. 4 A).
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Reconstruction of the EPSC
The time course of the EPSC can be partially reconstructed
if a quantum of ACh containing 9000 molecules is released
from a bouton onto a receptor patch of 0.41 ,um diameter
which has a receptor density of 1400 ,um-2, and the ACh-
receptor kinetics are those described in Materials and Meth-
ods (see the Appendix for the validation of these parameter
values). Fig. 5 A shows that the number of ACh molecules
declines rapidly over less than 0.1 ms, primarily because
most of the ACh either escapes or is hydrolyzed by cho-
linesterase and to a smaller extent because of the binding of
the ACh molecules to the receptors. Fig. 5 B shows the time
course of the change in the number of open channels (A2R*)
as well as of the doubly bound (A2R) and singly bound
receptors (AR) under these conditions. The number of open
channels increases to a maximum value in about 0.2 ms and
then declines exponentially with a time constant of about
4.0 ms. These temporal characteristics of the simulated
EPSC are similar to those of the observed EPSC (compare
Fig. 5 B with Fig. 2), except that the rise time is too short.
The lack of dependence of the temporal characteristics of
the experimental EPSC on its amplitude (Fig. 4) is also
observed with the simulated EPSC. Thus the time to peak of
the simulated EPSC shows only stochastic fluctuations
around a mean of 0.2 ms with change in amplitude (Fig. 6
A, points), and the decay time fluctuates around a mean of
3.5 ms with change in amplitude (Fig. 6 B, points).
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FIGURE 5 Theoretical time course of an EPSC at a bouton. ACh (9000
molecules) is released instantaneously at time t = 0 from a point 20 nm
above the center of a circular receptor patch of 0.41 p.m diameter contain-
ing a uniform distribution of receptors at a density of 1400 /Im2. (A) The
time course of bound ACh, as well as the number of free ACh molecules,
the number hydrolyzed by cholinesterase, and the number that escape from
the synaptic cleft. Note that BOUND has been multiplied by a factor of 10
to increase visibility. (B) The time course of singly bound receptors (AR),
doubly bound receptors (A2R), and open channels (A2R*). AR has a peak of
81 at about 1 1 ,us, A2R has a peak of 50 at about 15 ,us, and A2R* has peak
of 168 at about 200 ,us.
The experimentally observed rise times of 0.5-1.0 ms are
not accommodated by the two-step binding given by Eq. 1,
using the parameter values of Mathie et al. (1991) as given
in Table 1. The analysis of the frequency response of the
microelectrode given in Materials and Methods shows that
the experimental technique might increase the apparent time
to peak by about 30%, but this is still not enough to bridge
the gap between the observed time to peak and that deter-
mined by a two-step binding scheme. One way of increasing
the rise time without drastically altering the other charac-
teristics of the simulated EPSC is to utilize the slow release
of ACh from a vesicle, as governed by Eq. 4. The time to
peak now increases to about 0.5 ms (Fig. 6 A, crosses) with
no change in the decay time (Fig. 6 B, crosses). However,
because many parameter values are not well determined
experimentally, a detailed investigation of the effect of
varying them over ranges of values has been undertaken
(see the Appendix). If the diffusion coefficient D is kept at
its "standard" value of 6.5 X 10-6 cm2 S- , then no rea-
sonable combination of parameter values gives a suffi-
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FIGURE 6 Theoretical changes in the time to peak (A) and the decay
time (B) of the EPSC with changes in the amplitude of the EPSC. 0,
Results from 20 separate Monte Carlo simulations with instantaneous
release, as described in Fig. 5. X, Corresponding results when the release
is exponential with a time course of 0.210 ms, as given by Eq. 4. +,
Corresponding results when the diffusion is slowed by an order of mag-
nitude by taking D = 6.5 x 10-7 cm2 s-' and the forward rate constants
are simultaneously reduced by a factor of 2 to k+I = k+2 = 1.02 X 107
M-' s-'.
ciently slow rise without destroying other agreements. But
if the diffusion is slowed by an order of magnitude by taking
D = 6.5 X 10-7 cm2 s- and the forward rate constants are
simultaneously reduced by a factor of 2 to k+I = k+2 =
1.02 X 107 M-1 S-1, then the time to peak increases to a
mean of about 0.43 ms (Fig. 6 A, plusses), the decay time
remains unchanged (Fig. 6 B, plusses) and the peak number
of open channels increases slightly to a mean of 182.
The Monte Carlo simulations also give the relationship
between the peak amplitude of the EPSC (that is, the peak
number of open channels, A2R*) and the amount of ACh
released. Fig. 7 (broken line) shows that the peak A2R*
increases with an increase in ACh release up to about 9000
molecules. At this release, the peak A2R* is about 178,
which is 95% of the number of receptors beneath the bouton
(the receptor patch being 0.41 ,um in diameter and having a
receptor density of 1400 ,Xm-2). For slow release governed
by Eq. 4, the approach to saturation with an increase in the
number of ACh molecules is less steep (Fig. 7, solid line),
but for a quantal size of 9000 ACh molecules, about 85% of
the channels beneath the bouton are open.
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released. The number of ACh molecules starts at 6000 and increases in
steps of 1000 up to a maximum of 14,000; the remaining parameters are as
for Fig. 5. *, Results for instantaneous release; X, results for exponential
release (Eq. 4).
Stochastic properties of the EPSC
The variability in the EPSC due to the stochastic properties
of transmitter-receptor interactions was next computed. Fig.
8 A shows the results of 10 different runs using the same
parameters as in Fig. 5, except that slow, rather than instan-
taneous, release of ACh has been used. With the release of
9000 molecules of ACh there is not much variability in the
amplitude of the response. The standard deviation (SD) for
the responses is given in Fig. 8 B; this increases during the
rising phase of the responses to reach a peak value and then
rapidly undergoes a transient decline before once more
increasing during the falling phase of the responses. Plotting
the variance of the responses against their mean amplitude
allows estimates to be made of the number of receptors
beneath a bouton according to the nonstationary analysis of
Sigworth (1980). This analysis depends on approximating
the nonuniform application of a quantum of acetylcholine
released by the bouton by a pulse of acetylcholine applied
uniformly to the receptor patch beneath a bouton. Fig. 8 C
shows such a plot using data from the falling phase of the
simulated EPSC together with Sigworth's relation (Eq. 6,
shown as a solid line), in which N, the number of receptors
beneath a bouton as used in the simulations, is 185. There is
reasonable agreement between the theoretical curve and the
simulated stochastic variations in the number of A2R* up to
the vicinity of the peak of the curve. This result for the
falling phase encouraged us to use the Sigworth relation on
the falling phase of experimental EPSCs. The average of 10
recorded EPSCs at a bouton together with their standard
deviation are shown in Fig. 9, A and B; as in the Monte
Carlo analysis, the standard deviation increases to a peak
value during the rising phase of the EPSC, declines, and
then increases again during the declining phase of the
EPSC. Sigworth's relation (Eq. 6) between the variance and
the average amplitude of the EPSC gives the curve shown in
Fig. 9 C, which is drawn using the single-channel voltage
v = 0.32 ,iV estimated from the initial slope of the exper-
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FIGURE 8 Stochastic variation in the Monte Carlo simulations of the
response due to 9000 ACh molecules released over an exponential time
course (Eq. 4) onto a 0.41-,um diameter patch containing receptors of
density 1400 p.m 2. (A) The time course ofA2R* for 10 different trials. The
thick line gives the mean; the thin lines give upper and lower bounds of one
standard deviation from the mean. (B) The SD of the 10 responses in A. (C)
Relationship between the variance of the 10 responses in A and their mean
value taken at different times on the falling phase; the continuous line is the
Sigworth relation (see Materials and Methods) o.2 = M - M21N, where
M = mean A2R*, a2 = variance, and N = 185.
imental points and the receptor numberN = 120 found from
Eq. 8.
DISCUSSION
Parameter choice
Because many of the parameters values necessary for the
Monte Carlo calculation of the EPSC are not well estab-
lished, a number of runs were done using a range of values
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FIGURE 9 Experimentally observed variations in the size of the EPSC
recorded with a 4-,um diameter electrode from a visualized bouton over 10
nerve impulses. (A) The time course of the mean of the 10 EPSCs;
calibration is 10 ,uV. (B) The standard deviation of the responses in A;
calibration is 1 ,uV. (C) A plot of the variance of the EPSCs against their
mean amplitude at different times in the falling phase; the continuous line
is o2v = 0.32V - V2/120, according to the Sigworth relation (Eq. 5).
of ACh molecules released, receptor and esterase densities,
and rate constants. The results of this exploration of the
parameter space are given in the Appendix, together with a
discussion of the choice of parameters used in the simulations.
It has been proposed by some that the kinetics of ACh
interaction with receptors in the neurons of autonomic gan-
glia can be described in terms of a single binding followed
by a configurational change (Derkach et al., 1987; Skok,
1987):
k+,
A + R AR AR*, (9)k-l a
where AR* now denotes an open channel. Monte Carlo
simulations using this scheme indicated that, with some
parameter adjustment from the values given by these au-
thors (k+ I and k- I were corrected for temperature by mul-
tiplying by 3; 13 and a were not changed-the values used
are given in brackets in Table 1), it was possible to repro-
duce the main features of the experimental EPSCs: specif-
ically, a peak of 155 open channels, a time to peak of 0.56
ms, and a decay time of 3.50 ms. It may seem surprising that
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FIGURE 10 Characteristics of the simulated EPSC as a function of the
number of ACh molecules released instantaneously at t = 0 for several
receptor densities. The remaining parameter values are as in Table 1,
except that the esterase density is always taken to be one-half of the
receptor density. Receptor densities used are (pm-2): 1200 (a), 1300 (X),
1400 (+), 1500 (0). Each point given on the graphs is the average of 10
Monte Carlo simulations. (A) Peak number of open channels. (B) Time to
peak. (C) Decay time.
a single-binding scheme leads to a longer rise time than a
double-binding scheme, but in the present case the differ-
ence lies essentially in the rate of the configurational
change: the values of 13 and a given by Mathie et al. (1991)
are much larger than those given by Skok (1987). Reducing
the Mathie values to well below their temperature-corrected
values does finally give some increase in rise time, but this
is accompanied by an unacceptable increase in decay time
and a substantial fall in the peak number of open channels
(see the Appendix and, in particular, Fig. 12).
In spite of the fact that the single-binding scheme can
give agreement, this is not the favored mechanism; it seems
most likely that the interaction of ACh with receptors in
autonomic ganglia is like that at the neuromuscular junc-
tion-namely it is governed by a two-step binding scheme,
as in Eq. 1 (Margiotta et al., 1987; Mathie et al., 1991).
Receptors
The question arises as to how many receptor clusters and
indeed active zones may be associated with the boutons
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FIGURE 11 Characteristics of the simulated EPSC as a function of the
esterase density. ACh (9000 molecules) is released instantaneously; the
remaining parameter values are as in Table 1. Each point given on the
graphs is the average of 10 Monte Carlo simulations. (A) Peak number of
open channels. (B) Time to peak. (C) Decay time.
recorded from in the pelvic ganglion. Confocal microscopy
of dextran-rhodamine-labeled boutons on the surface of
these ganglion cells has shown that they are typically about
1-2 ,um in diameter (Warren et al., 1995b). It is this class of
boutons that has been studied in the present work. Boutons
of this size should have at the most one active zone, ac-
cording to the relationship between the number of active
zones and bouton size derived for frog autonomic ganglia
(see figure 2 in Streichert and Sargent, 1989). Such boutons
in the frog ganglia possess a single receptor cluster, al-
though an adjacent receptor cluster may occur about 1-2
,um away in a minority of cases (about 20%; Sargent and
Pang, 1989). If these observations hold for the pelvic gan-
glion, then it seems likely that the EPSCs recorded in the
present work were generated by transmitter release from
single active zones onto single receptor patches. This is
supported by the observation that amplitude-frequency his-
tograms of EPSCs at single bouton recordings were de-
scribed by a single Gaussian distribution.
Application of nonstationary fluctuation analysis (Sig-
worth, 1980) to the synaptic currents measured at single
boutons gave an estimate of the number of receptor chan-
nels available for transmission of -120. Given that the
probability of any channel being open at the peak of the
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FIGURE 12 Dependence of the simulated EPSC on the values of the rate
constants. The pairs of rate constants (k,1, k-1; k+2, k-2; a,I) were varied
while keeping their ratios (k+,/k-,, k+2lk-2, a/3) constant. The base
values (multiplier = 1) are those of Mathie et al. (1991) (that is, one-third
of the values given in Table 1). The multiplier is the factor multiplied times
each member of the pair being varied; the remaining rate constants take the
values given in Table 1. The cases considered are k,1, k-, varied (X); k+2,
k-2 varied (+); a, (3 varied (0); all three ratios varied simultaneously (0).
Each point given on the graphs is the average of 10 Monte Carlo simula-
tions. (A) Peak number of open channels. (B) Time to peak. (C) Decay
time.
response is Il(iN), where I is the total current and i is the
single-channel current, or about 0.6, then about 70 channels
are open at the peak of the response, according to the
analysis of the experimental data. Conductance measure-
ments give between 75 and 150 receptor channels open at
the peak of the SEPSC. This is derived on the basis that the
mean size of SEPSCs is due to a conductance change of
-3000 pS (Rang, 1981; Derkach et al., 1983; Hirst and
McLachlan, 1984) and that a single synaptic acetylcholine
receptor has a conductance of 30 pS (Derkach et al., 1983;
Rang, 1981). There is then general agreement between the
estimates for the number of available receptor channels at a
bouton based on electrophysiological analyses. There are,
however, some caveats concerning these calculations. First,
the conductance of the acetylcholine receptor-channel com-
plex has only been determined thus far by noise analysis of
the effects of exogenous acetylcholine (Rang, 1981), so it is
likely that the conductance measurements are for extrasyn-
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FIGURE 13 Characteristics of the simulated EPSC as a function of the
number of ACh molecules released for exponential release according to Eq.
4. Results are shown for receptor densities of 1300 j±m-2 (-) and 1400
,uM-2 (+), the esterase density being set to one-half the receptor density in
each case. The remaining parameter values are as in Table 1. Each point
given on the graphs is the average of 10 Monte Carlo simulations. (A) Peak
number of open channels. (B) Time to peak. (C) Decay time.
aptic acetylcholine receptors, which may be different from
synaptic acetylcholine receptors. Second, the acetylcholine
noise measurements on rat submandibular ganglion cells
reveal two kinetic components at 20°C, one with a time
constant of 5-9 ms and the other with a time constant of
27-45 ms (Rang, 1981). Although the evoked EPSC con-
tains both time constants, the spontaneous EPSC only has
the fast time constant, suggesting that it arises from activa-
tion of a different set of receptors than does the evoked
EPSC. Acetylcholine noise measurements on rabbit sympa-
thetic neurons at 35°C also reveal two kinetic components
with time constants of 1.1 ms and 5.0 ms (Derkach et al.,
1983). In this case, both spontaneous and evoked EPSCs
possess only the slow time constant. It is possible in this
case that the pool of about 100 receptor-channel complexes
at synapses only consists of the slow channel and that the
fast receptor channel is extrasynaptic.
Time course of EPSCs
There is general agreement between the time to peak and the
decay time of the EPSC recorded at boutons and the SEPCs
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FIGURE 14 Characteristics of the simulated EPSC as a function of the
diffusion coefficient D. Results are shown for the remaining parameters as
in Table 1 (0), and for k+1, k+2 reduced to one-half (+) and one-quarter
(X) of their values in Table 1. Each point given on the graphs is the average
of 10 Monte Carlo simulations. (A) Peak number of open channels. (B)
Time to peak. (C) Decay time.
recorded with an intracellular electrode in autonomic gan-
glia. At 34WC the time to peak averaged 0.7 ms and the time
constant of decay was 4 ms. The time constant of decay of
the SEPSC for other autonomic ganglia is 4.5 ms for rabbit
at 34WC (Derkach et al., 1983), 5-9 ms for rat at 20°C
(Rang, 1981), and 4.5 ms in frog at 24°C (Kuba and Nishi,
1979; MacDermott et al., 1980)). Kuba and Nishi (1979)
obtained a rise time of 1.87 ms for the EPSC in frog
sympathetic ganglia and made the additional interesting
observation that the decay time of the EPSC was unaffected
by a change in the EPSC amplitude. This latter observation
was confirmed for recordings from single boutons in the
present work, in which the stochastic variations in the
amplitude of the EPSC were unaccompanied by changes in
the temporal characteristics of the EPSC.
The Monte Carlo simulations of the EPSC, using the
kinetic constants for ACh-receptor interaction estimated at
23-24°C by Mathie et al. (1991) (and adjusted for temper-
ature using a Qlo of 3), together with the receptor patch
characteristics discussed above, gave a time to peak of the
EPSC of about 0.25 ms and a time constant of decay of
about 3.5 ms. Incorporating slow release of transmitter from
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the vesicle increased the time to peak to about 0.5 ms
without significantly altering the decay time, thus giving
values similar to those observed experimentally. Further-
more, the Monte Carlo simulations showed no consistent
variations in the rise time or the decay time of the EPSC
with a change in amplitude, and this was also observed
experimentally. In addition, the Monte Carlo simulations
indicate that about 9000 ACh molecules give rise to the 150
or so open receptor channels at the peak of the EPSC. This
number of ACh molecules is on the same order of magni-
tude as that estimated for the number of ACh molecules in
a synaptic vesicle (Miledi et al., 1982; Whittaker, 1990).
The model of transmission at a single sympathetic bouton
that emerges from this study is that a very large excess of
transmitter is released in a packet onto a relatively small
receptor patch. Similar theoretical arguments 'that such a
model is appropriate for central boutons have been made
(Busch and Sakmann, 1990; Edwards, 1991), although re-
cordings from single intact central boutons have yet to be
achieved.
APPENDIX: EFFECTS OF PARAMETER CHANGES
ON MONTE CARLO SIMULATION RESULTS
The parameter values used in most of the calculations are given in Table 1.
With the incorporation of exponential release of transmitter according to
Eq. 4, these give an EPSC that agrees with the experimental one. However,
because a number of the parameter values are not well established exper-
imentally, a systematic exploration of the effect of varying them was
undertaken.
The effect of increasing the amount of ACh released for four different
receptor densities is shown in Fig. 10. For all receptor densities, saturation
is achieved by the release of about 10,000-12,000 molecules of ACh (Fig.
10 A); the time to peak shows some decrease with increasing ACh (Fig. 10
B), but the decay time shows no systematic variation (Fig. 10 C).
The effect of changing the esterase density is shown in Fig. 11. The
conclusion is that the esterase is not playing a large role in the Monte Carlo
simulations, as increasing its density over several orders of magnitude
causes only a small drop in the peak number of open channels (Fig. 11 A)
and a small decrease in decay time (Fig. 11 C); time to peak is almost
unaffected (Fig. 11 B). A similar result has recently been obtained for the
effects of changes in esterase density on the time course of endplate
currents (Anglister et al., 1994). Fig. 12 shows the effects of varying the
rate constants for the binding of the ACh to the receptors. Because six
constants (k+ 1, k 2 a, f3) are involved, varying them all independently was
not feasible. Instead, because the ratios k+I/k1, k+2/k_2, and a/,8 are
better established experimentally than the individual values, these ratios
were kept fixed at the experimentally determined values (Mathie et al.,
1991), and pairs of values were varied, either individually or collectively.
The parameters not being varied had the values given in Table 1; in Fig. 12
these correspond to a multiplier of 3, because the values in Table 1 have
already been corrected for temperature by multiplication by 3. As can be
seen from Fig. 12, A-C, small multipliers lead to considerable variation in
the characteristics of the simulated EPSC, but for multipliers of 2 and
above the variation is generally much less; then the main systematic trend
is a decrease in the time to peak and in the decay time when k+2 and k-2
are increased (Fig. 12, A and B). Reducing the rate of the configurational
change by reducing , and a had little effect when the multiplier was 1 or
greater; below 1 there is some increase in the time to peak (Fig. 12 B), but
this is accompanied by a sharp increase in the decay time (Fig. 12 C) and
a substantial fall in the peak number of open channels (Fig. 12 A).
Fig. 13 shows the effects of varying the amount of ACh when release is
exponential (Eq. 4) rather than instantaneous. The trends are similar to
those found for instantaneous release (Fig. 10).
Finally, Fig. 14 shows the effects of slowing the diffusion by reducing
the diffusion coefficient D below its "standard" value of 6.5 X 10-6 cm2
s '. Reducing D alone by about an order of magnitude gives only a
moderate increase in the time to peak (Fig. 14 B, points) but a substantial
increase in the decay time (Fig. 14 C, points). However, if the forward rate
constants k+, and k+2 are also decreased, either to one-half (plusses) or
one-quarter (crosses) of their standard values, then the increase in rise time
is greater, whereas the increase in decay time is less.
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